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We study the quark-gluon mixed condensate g〈q¯σµνGµνq〉, which is another chi-
ral order parameter, using the SU(3)c lattice QCD with the Kogut-Susskind(KS)
fermion at the quenched level. We generate 100 gauge configurations on the 164
lattice with β = 6.0, and measure g〈q¯σµνGµνq〉 at 16 points in each gauge con-
figuration for each current-quark mass of mq = 21, 36, 52 MeV. From the 1600
data for each mq , we find m20 ≡ g〈q¯σµνGµνq〉/〈q¯q〉 ≃ 2.5 GeV
2 at the lattice scale
of a−1 ≃ 2GeV in the chiral limit. The large value of g〈q¯σµνGµνq〉 suggests its
importance in the operator product expansion(OPE) in QCD.
1. The importance of the quark-gluon mixed condensate
In order to understand the non-perturbative structure of the QCD vacuum,
condensates are important quantities. Among various condensates, we em-
phasize the importance of the quark-gluon mixed condensate g〈q¯σµνGµνq〉.
First, the mixed condensate represents a direct correlation between quarks
and gluons in the QCD vacuum even at the qualitative level. Second,
the mixed condensate is another chiral order parameter, which flips the
chirality of the quark. Third, the mixed condensate plays an important
role in various QCD sum rules, especially in the baryons1, the light-
heavy mesons2 and the exotic mesons3. In the QCD sum rules, the
value m2
0
≡ g〈q¯σµνGµνq〉/〈q¯q〉 ≃ 0.8 ± 0.2 GeV
2 has been proposed
phenomenologically4. However, there was only one pioneering but prelimi-
nary lattice QCD work5, performed with very little statistics (only 5 data)
using a small (84) and coarse lattice (β = 5.7). Therefore, we present the
calculation for g〈q¯σµνGµνq〉 in the SU(3)c lattice QCD with a larger (16
4)
and finer (β = 6.0) lattice and with high statistics (1600 data), using the
KS-fermion at the quenched level. With this high statistics, we perform re-
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liable estimate for m2
0
≡ g〈q¯σµνGµνq〉/〈q¯q〉 at the lattice scale in the chiral
limit.
2. Formalism and the Results of Lattice QCD
We calculate the condensates 〈q¯q〉 and g〈q¯σµνGµνq〉 using the SU(3)c lattice
QCD with the KS-fermion at the quenched level. The KS-fermion preserves
the explicit chiral symmetry for the quark mass m = 0. This is essential
for our study because both of 〈q¯q〉 and g〈q¯σµνGµνq〉 work as the chiral
order parameter. We generate 100 gauge configurations with the standard
Wilson action at β = 6.0 on the 164 lattice. The lattice unit6 a ≃ 0.10fm
is obtained so as to reproduce the string tension σ = 0.89GeV/fm. We use
m = 21, 36, 52 MeV (i.e. ma = 0.0105, 0.0184, 0.0263). We calculate the
flavor-averaged condensates as
a3〈q¯q〉 = −
1
4
∑
f
Tr
[
〈qf (x)q¯f (x)〉
]
, (1)
a5g〈q¯σµνGµνq〉 = −
1
4
∑
f
∑
µ,ν
Tr
[
〈qf (x)q¯f (x)〉σµνGµν
]
, (2)
where SU(4)f quark-spinor field q, q¯ is converted into spinless Grassmann
KS-fields χ, χ¯ and the gauge-link variable7. We adopt the clover-type
definition of the gluon field strength Gµν on the lattice as
Glatµν (s) =
i
16
∑
A
∑
s′=s,s−µ,
s−ν,s−µ−ν
λA Tr
[
λA{Uµν(s
′)− Uνµ(s
′)}
]
, (3)
which has no O(a) discretization error. We measure the condensates on 16
different space-time points x in each configuration. For each m, we take
the average over the 16 space-time points and 100 gauge configurations.
Figure 1 shows the bare condensates 〈q¯q〉 and g〈q¯σµνGµνq〉 against the
quark mass ma. Note that the jackknife errors are almost negligible due
to the high statistics of 1600 data for each m. We fit the data linearly and
determine the condensates in the chiral limit. The obtained data are sum-
marized in Table 1. We also check the finite volume artifact, by imposing
the anti-periodic/periodic boundary conditions on χ, χ¯. The two results
with different boundary conditions almost coincide within about 1% de-
viation and we conclude that the physical volume V ∼ (1.6 fm)4 in our
simulations is large enough to avoid the finite volume artifact7.
The values of the condensates in the continuum limit are to be obtained
through the renormalization, which, however, suffers from uncertainty of
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Figure 1. The bare condensates 〈q¯q〉 and g〈q¯σµνGµνq〉 plotted against the quark mass
ma. The dashed lines denote the best linear extrapolations, and the cross symbols the
values in the chiral limit. The jackknife errors are hidden in the circles.
Table 1. The numerical results of 〈q¯q〉 and g〈q¯σµνGµνq〉 for various ma. The last column
denotes their values in the chiral limit by the chiral extrapolation.
ma = 0.0263 ma = 0.0184 ma = 0.0105 chiral limit
a3〈q¯q〉 −0.042397(16) −0.032470(15) −0.022124(16) −0.008721(17)
a5g〈q¯σµνGµνq〉 −0.018820(15) −0.014979(14) −0.010884(14) −0.005652(14)
the non-perturbative effect. As a more reliable quantity, we provide the
ratio m2
0
≡ g〈q¯σµνGµνq〉/〈q¯q〉, which is free from the uncertainty from the
wave function renormalization of the quark. Now, we present the result of
m2
0
using our bare results of lattice QCD as
m2
0
≡ g〈q¯σµνGµνq〉/〈q¯q〉 ≃ 2.5 GeV
2 (β = 6.0 or a−1 ≃ 2GeV). (4)
We see that m2
0
is rather large, which suggests the importance of the mixed
condensate in OPE. Note that this bare result is determined very precisely7.
Finally, we again emphasize that the mixed condensate g〈q¯σµνGµνq〉
plays very important roles in various contexts in quark hadron physics. In
particular, the thermal effect is interesting because the mixed condensate
is another chiral order parameter. Considering the importance of finite-
temperature QCD in the RHIC project, we are in progress for the study of
the mixed condensate g〈q¯σµνGµνq〉 at finite temperature
8.
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